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Supplementary Figure 1: Quantile-quantile (Q-Q) plot for percent mammographic
density. The observed p-values based on meta-analysis of five genome-wide association
studies are plotted against the expected distribution of p-values under the null
distribution. The genomic inflation factor A=1.033.
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Supplementary Figure 2: Manhattan plot for the meta-analysis of percent
mammographic density. The —log;¢(P) values are plotted against chromosomal base-pair

position. The chromosomes are color-coded.
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Supplementary Table 4. Study-specific results for the top-ranking SNPs at the ZNF365
locus from meta-analysis

SNP rs10995195 rs10995194 rs10995190 rs10995191 rs10995189 rs4746419
Chr 10 10 10 10 10 10
Gene ZNF365 ZNF365 ZNF365 ZNF365 ZNF365 ZNF365
Position 63958395 63958136 63948688 63948880 63948187 63945267
Alleles T/C G/IC G/A CIT G/A G/C
MAF 0.15 0.14 0.15 0.15 0.15 0.15
EPIC- BETA -0.078 -0.085 -0.077 -0.077 -0.077 0.077
Norfolk* SE 0.044 0.045 0.044 0.044 0.044 0.044
P 0.077 0.060 0.078 0.078 0.078 0.078
MAF 0.16 0.14 0.15 0.15 0.15 0.15
NHS BETA -0.301 -0.302 -0.290 -0.289 -0.287 0.288
SE 0.085 0.087 0.083 0.083 0.083 0.084
P 0.0004 0.0005 0.0005 0.0005 0.0006 0.0006
MAF 0.14 0.12 0.13 0.13 0.13 0.13
SASBAC BETA -0.264 -0.264 -0.260 -0.260 -0.260 0.255
Cases SE 0.146 0.148 0.142 0.142 0.142 0.143
P 0.069 0.073 0.068 0.068 0.068 0.075
MAF 0.14 0.13 0.15 0.15 0.15 0.15
SABAC BETA 0.005 0.003 0.007 0.007 0.007 -0.003
Controls SE 0.115 0.117 0.113 0.113 0.113 0.113
P 0.971 0.976 0.953 0.953 0.953 0.977
MAF 0.15 0.14 0.14 0.14 0.14 0.15
MBCES BETA -0.275 -0.259 -0.265 -0.265 -0.265 0.270
SE 0.110 0.111 0.109 0.109 0.109 0.110
P 0.013 0.019 0.015 0.015 0.015 0.014
MAF 0.16 0.15 0.15 0.15 0.15 0.16
« | BETA -0.583 -0.586 -0.560 -0.560 -0.560 0.551
TORONTO SE 0.240 0.243 0.234 0.234 0.234 0.235
P 0.015 0.016 0.017 0.017 0.017 0.019
META Z-Score 5.068 -5.037 -5.001 -4.995 -4.980 4.968
ANALYS-IS P ALL 4.02E-07 4.73E-07 5.70E-07 5.87E-07 6.35E-07 6.75E-07
P HET 0.38 0.44 0.39 0.39 0.40 0.41

* The beta estimates for EPIC-Norfolk are based on a linear regression using log(percent mammographic
density) as outcome

** The beta estimates for the TORONTO/MELBOURNE study are based on a logistic regression model
based on extreme sampling.



[N pue o3¢ 10] pajsn(pe o1om SISAJRUR [[V 4

600 (10°'1L-08°0) 06°0 S|0JU0D £EH'Z pue S8SED J0L‘'Z A% ‘[pe Jeoued jsealq psjood
8000 (96°0-92°0) G8°0 S|0JJU0d €EP'Z pue s8sed /0L Jeoueo jsealq psjood pauiquo)

0L'0 (£0°1L-69°0) G8°0 S|0J)U0d /(06 Pue sased £g/ AN % ‘lpe Jsoue) jseaig
100 (56°0-G9°0) 82°0 S|0J)U0d /(06 Pue sased £g/ Jaoue) jsealg SOg90N

¥S°0 (£1°1-62°0) €6°0 S|0JJU0D Z{/ pue s8sed gLG alN % ‘lpe Jsoue) jseaig
£Y'0 (FL°1-€2°0) 16O S|0JJU0D Z{/ pue s8sed gLG Jooue) jsealg ovasvs

050 (P1°1-92°0) €6°0 S|0JJU0d 8/ pue sased 908 AN % ‘lpe Jsoue) jsesig
020 (£0°1-22°0) 88°0 S|0JJU0d 8/ pue sased 908 Jaoue) jsealg SHN
d (19 %56) 40O sjenpjAjpul Jo ‘ON «SIsAjeuy Joyo)

SII JO0UBD )SBAIQ PUB ()61 S660 T ST U2AMIOQ UONBIOOSSY °S d[qe I, Areyudwd[ddng



SIIPNIS U2IM]Oq AJTOUSTOINNOH 44
"SISA[BUR [[BIJAO 9} SB UONOAIIP WS J} Ul JOU SI SISA[RUR PIYIIRLS ) Ul 2JRWNSI BIAG Y[ 4

6002 ‘18ue9 JeN ‘sewoy | ¥2€0 8250 9/°0 6520  €L'L- 170 LILsavy 1£1666S4
/002 &InjeN ‘uojseq €190 €880 120 G680  €L0- v/0 zidg 28118684
/002 &InjeN ‘uojsex ¥18°0 x989°0 190 V60 100" VIO IMEDYN Z1£688s1

010z 12ud9 “jeN ‘|INquin 0€6°0 GES'0 ¥1°0 ¥98°0 .10 v/9 LZINZ 0L0¥0.S4

6002 18U89 1eN ‘pawyy 8050 €Zy0 ¥6°0 19€°0 16°0- v/9 zeeb/L | 0661705984
010z 12ud9 “jeN ‘|Inquin 6010 «€€€°0 ¥0°0 9/80 9L'0- 10 LANODAOIAN L9€P1984
6002 18U89 "1eN ‘pawyy 1120 6%5°0 860 1920 Ll 10 vzde | 89.€.61S!
/002 &InjeN ‘uojseq 9zZ1'0 GOL'0 ¥6°0 9¢0'0  60C 1/ 1dST | 86LLL8ES4
/002 &InjeN ‘uojseq 110 1Z¥°0 0Z0 /S0 4 1/ EXOL/6O4NL | 299£08ES4
/00Z &injeN ‘uojseq «122°0 68.°0 GZ'0 1¥8°0 6L°0 v/ 24494 | Z8s1862s!
010z 12ud9 “jeN ‘|INnquin 9/1°0 9¥6°0 600 66,0  92°0- 10 24494 | 615186284
010z 12ud9 “jeN ‘|INnquin 12€0 eLy0 £¥'0 /610 621" 1/D 810X94°9LAMNY | S0Z08€ZS!
6002 "18u89 jeN ‘busyz €000 LEL'O 20 G000 8.'¢ v/9 L14ST | 01L2910ZS4

6002 ‘18ue9) jeN ‘sewoy| 2050 1220 880 08L°0 ve'L 19 IMEDYN | G9198891 S

/00Z &InjeN ‘uojseq «0.¥°0 1180 ¥0 986°0 200 1/ LZ't2bg | 0gvz9sisd
800z ‘12ue9 jeN ‘Aeoeig Z€s0 G180 66°0 €290 6V0- v/ Gebz | zyoL8ecLsd
/00Z &InjeN ‘uojseq «0G°0 1820 8v°0 28’0 0.0 v/ LZ't2bg | G1L918Z¢€LSd
/002 18u89 "jeN ‘Jsjuny «£02°0 18170 710 €060 CL'0- v/ 24494 | 8sp9e6Lzisd
6002 ‘18ue9) jeN ‘sewoy| «L€G0 0€¥'0 200 0990 ¥¥°0 1/0 Z'LidL | eevevzLLSa
010z 12ud9 “jeN ‘|Inquiny 1100 €£0000°0 60 90000000  00°'S- \70) G9¢INZ | 06156601
800z 1eue9 jeN ‘Aeoeig 026°0 «L22°0 €60 000  6£0- \70) Z1dG | 6291v601S!
/002 18U89 "jeN ‘X0D 9690 8€5°0 650 LLG0 990 /9 8dSVO | S8¥S0oLSa
010z 18ud89 "j1eN ‘[Inquin ¥9/°0 8/5°0 ¥1°0 0150 G9°0 19  gZNMAO'VZNMAO | 0L6L1L0LS4
(vze‘L=N) (eg6‘€=N) AyousbousjsyH  (1L/8°v=N) CECREETE ETE
9oualajay sosed o sjonpuoa 4 wxd Jled 84109sz7 Jo8jjo-UoN uoibayj/ousn dNS

AAON Ut A1sudp srydesSowuew Juad1dd pue 190] J9OULD JSBIIq UIIMII( UOIIRII0SSY :9 d[qe ], ATejudwdjddng



Supplementary Methods
Description of study populations

NHS

The Nurses' Health Study (NHS) was initiated in 1976, when 121,700 US registered
nurses aged 30 to 55 returned an initial questionnaire '. During 1989 and 1990, blood
samples were collected from 32,826 women °. As part of the Cancer Genetic Markers of
Susceptibility Project (CGEMS) breast cancer scan, 1,145 breast cancer cases and 1,142
controls were genotyped with the Illumina HumanHap500 *. For 1,590 of these women -
of which 806 were breast cancer cases and 784 were controls - we also had
mammographic density measurements. Written informed consent was obtained from all
participants. This study was approved by the Committee on the Use of Human Subjects
in Research at Brigham and Women's Hospital.

EPIC-Norfolk

The EPIC-Norfolk study participants were initially genotyped for studying body mass *°.
Data for EPIC-Norfolk were gathered from two subcohorts of the EPIC-Norfolk study °.
The first subcohort [n=2,566] included participants randomly selected from the EPIC
Norfolk population based cohort of 25,663 men and women of European descent, aged
39-79 years, recruited in Norfolk, UK between 1993-97. The other group is the obese
case series set, also derived from the EPIC-Norfolk cohort, consisting of 1,685
individuals with obesity (BMI > 30kg/m?). 1,284 of these cases were non-overlapping
with the first sub-cohort. Trained nurses collected blood sample and anthropometric data
at the health examination. A Health and Lifestyle questionnaire was completed before the
health check. The study protocol was approved by The Norfolk and Norwich Hospital
Ethics Committee, and written informed consent was obtained from all participants.
Genotyping was done at the Affymetrix services laboratory using the Affymetrix
GeneChip Human Mapping 500K array set (Santa Clara, CA, USA).

SASBAC

The Singapore and Sweden Breast Cancer Study (SASBAC) is a population-based case-
control study of postmenopausal breast cancer in women born in Sweden aged 50 to 74
years at the time of enrollment, which was between 1 October 1993 and 31 March 1995.
Controls were randomly selected from the Swedish Total Population Register and were
frequency matched to the expected age distribution of the cases. Details on data
collection and subjects have been described previously ’. The final study group with both
mammographic density and genotype data included 571 breast cancer cases and 742
controls. Approval of the study was given by the ethical review board at the Karolinska
Institutet (Stockholm, Sweden) and six other ethical review boards in the respective
regions in which the subjects were based, and written informed consent was obtained
from each participant. Cases and controls were genotyped separately and were therefore
treated as two separate populations in this analysis. Breast cancer cases were genotyped
using the [llumina HumanHap240 and Illumina HumanHap300 arrays. The controls were
genotyped using the Illumina HumanHap550 array.



MBCFS

The families used in this study have been described earlier *°. In total, 426
multigenerational families were ascertained through a breast cancer proband diagnosed
from 1944 to 1952 at the University of Minnesota. Probands were consecutive cases,
unselected for family history. First- and second-degree blood relatives of the proband and
spouses were interviewed between 1990 and 1996; 93% of those contacted provided a
telephone interview that included detailed risk factor information. Almost all (99%)
women in the 426 families were Caucasian and from Minnesota.

Simulation studies were done to identify the families most informative for linkage
analyses. A subset of 90 of the 426 families was selected, and 1,146 family members
were invited to provide a blood or buccal sample as a source of DNA; 901 (79%)
consented. After the exclusion of 12 individuals due to Mendelian (familial)
inconsistencies across markers, the final sample included 89 families, with 889 Caucasian
individuals (133 men, 756 women). As part of the parent study, women provided the
location of the most recent mammogram and permission to obtain and digitize their
mammograms. Mammograms were requested from clinics across the United States, and
all were recent mammograms done over the 1990 to 2001 period when national standards
were in place for mammography. Among the 737 age-eligible women, we retrieved the
mammograms of 658 (89%). Of women with mammograms, 618 (82%) had both
craniocaudal and mediolateral oblique views available. Five percent of women had a
breast cancer diagnosis during the follow-up period (2000-2002); for these women,
mammograms before the diagnosis were used. For this study, a total of 597 women with
remaining DNA were genotyped with the Illumina HumanHap 660W Quad array.
Written informed consent was obtained from all participants. The protocol was approved
by the Mayo Clinic Institutional Review Board.

TORONTO/MELBOURNE

The subjects used in this study were all women of Caucasian origin, without breast
cancer, who have participated in previous published studies ' and have provided
written informed consent for their samples to be used in genetic research. The selection
of subjects according to extreme high and low values for the risk factor of interest
maximizes power for detecting genetic variants associated with density. In addition, this
strategy has the advantage of creating groups at maximally different risk for breast
cancer, of minimizing any misclassification between these groups arising from
measurement error, of reducing the number of samples to be analyzed and minimizing the
associated costs. Although extreme categories of mammographic density are associated
with large differences in body weight, age and menopausal status, selection from the
upper and lower 10% of the residuals from regression analysis, after adjustment for these
variables, can minimize these differences. This method of selecting subjects preserves
large differences in percent density between extreme categories, while minimizing
differences in the covariates that are associated with density (unpublished data). Ethics
approval was obtained from the University Health Network, Toronto. A total of 316
women were genotyped with the Illumina HumanHap 1M Array at deCode genetics.



Description of mammogram collection and reading

NHS

We collected mammograms as close as possible to the date of blood collection (1989 to
1990). To assess mammographic density, the craniocaudal (CC) views of both breasts
were digitized at 261 um/pixel with a Lumysis 85 laser film scanner, which covers a
range of 0 to 4.0 optical density. Mammographic density measurements were conducted
using the computer-assisted thresholding software CUMULUS developed at the
University of Toronto " We used the average percentage density of both breasts for this
analysis. This collection has been described in detail in a previous publication .

EPIC-Norfolk

Mammograms for the EPIC women were obtained from Norfolk and Norwich Breast
Screening Service records. Mammographic studies were undertaken as part of the UK
National Health Service Breast Screening Program; in which women are screened every 3
years by two view (mediolateral and craniocaudal view) mammography between ages 50
and 64 years. The 1,142 women who were successfully genotyped and had mammograms
available were used in this analysis (144 of whom were from the obese case series; all
analyses were adjusted for BMI). Density readings were made using the computer-
assisted program CUMULUS .

SASBAC

The process of collecting mammographic density data in this study has been described
previously '°. Film mammograms of the mediolateral oblique view were digitized using
an Array 2905HD Laser Film Digitizer (Array Corporation, Tokyo, Japan), which covers
a range of 0 to 4.7 optical density. For controls, the breast side was randomized. For
cases, the side contralateral to the tumor was used. The density resolution was set at 12-
bit spatial resolution. Mammographic density measurements were conducted using the
computer-assisted thresholding software CUMULUS '

MBCFS

Original mammograms were obtained on 658 women and digitized on a Lumiscan 75
scanner with 12-bit grayscale depth. The pixel size was 0.130 x 0.130 mm?2 for both the
18 x 24- and 24 x 30-cm2 films. Mammographic density was estimated for each view
using a computer-assisted thresholding program CUMULUS '*!". For this study, percent
mammographic density from the mediolateral oblique and craniocaudal views were
averaged and used as the phenotype.

TORONTO/MELBOURNE

Only original films were used, and all were digitized at a pixel size of 260 pm and a
precision of 12 bits using Lumysis 85 digitizers in either Toronto or Melbourne (and sent
on compact disk to Toronto). One craniocaudal view of one breast was used for each
woman (the side was randomly selected for women in North America, and the right side
was used for women in Australia). Mammographic density measurements were

conducted by one observer using the computer-assisted thresholding software
CUMULUS *.



Replication

MCBCS

The Mayo Clinic Breast Cancer study (MCBCS) is an Institutional Review Board-
approved, on-going clinic-based case-control study initiated in February 2001 at Mayo
Clinic, Rochester, MN. The study design has been described previously '*2°. Cases were
women aged 18 years or over with histologically-confirmed primary breast carcinoma
recruited within six months of date of diagnosis. Women with a history of cancer
(excluding non-melanoma skin cancer) were ineligible. Cases lived in the 6-state region
that defines Mayo Clinic's primary service population (Minnesota, lowa, Wisconsin,
[linois, North Dakota, and South Dakota). Controls recruited from the outpatient
practice of the Divisions of General Internal Medicine and Primary Care Internal
Medicine at Mayo Clinic without prior history of cancer (other than non-melanoma skin
cancer) were frequency matched on age (5-year age category), race and 6-state region of
residence to cases. Written informed consent was obtained from all participants. Case
participation was 69% and control participation was 71%.

Mammograms of the contralateral (for cases) or left (for controls) breast
performed within five years prior to breast cancer diagnosis (median=22 days) or
enrollment date (median=0 days) were obtained and digitized for 940 (50%) cases and
1087 (65%) controls at the time of this analysis. Percent mammographic density was
estimated from the craniocaudal mammogram view of the majority of the cases and
controls (896 cases and 1033 controls) using CUMULUS '*; mammograms from 98 cases
and controls were excluded due to digital mammogram formats or inability to adequately
assess density. Intraclass correlation for estimation of percent density was 0.96.

Genotyping of the rs10995190 SNP was successfully performed on a Sequenom
1PLEX platform at the Mayo Clinic. A total of 95 CEPH controls on a Coriell test plate,
HAPMAPPTOI, were also typed simultaneously to establish genotyping accuracy.
Genotyping of the rs10995190 SNP displayed high SNP call rates (> 99% for cases,
controls and overall), high concordant rate (100%), and no deviation from Hardy-
Weinberg equilibrium (p = 0.95).

Genotype, percent mammographic density and covariate (age and BMI) data was
available for density data were available for 783 cases and 907 controls in the MCBCS
and used for the replication study.

SIBS

We used data from the Sisters in Breast Screening study, an ongoing study designed to
map genes associated with breast density >'. Families were identified through the
National Health Service breast screening program in the United Kingdom. Eligibility was
restricted to families in which two or more female blood relatives (sisters, half sisters,
first cousins, or aunt-niece) had had mammographic screening. Families whose member
could have screening within 2 y of the recruitment were also included. Written informed
consent was obtained from all participants. The study was approved by the local research
ethical committee. Study recruitment commenced in October 2002. The current analysis
was limited to families whose data including mammographic density measurements were
completed by July 2007.



For each participant, all available mammograms were retrieved from the local screening
unit and were digitized. The mammograms were scanned using the Array 2905 Laser
Film Digitizer and the program DICOM ScanPro Plus Version 1.3E (Array Corp), with
50-um pixel resolution and 12-bit digitization, and an absorbance of 4.7. For each
individual, we aimed to collect the earliest and most recently available mammograms.
Mammographic density was measured using the CUMULUS program '*. Mammograms
were analyzed in a random order and the reader was blinded to the sequence of the
mammograms and to the visual density evaluation that had been done by another reader.

The in silico replication of rs10995190 was based on 1,145 women from 563
families who had been genotyped as part of an ongoing genome-wide association study.
Samples were genotyped by Illumina (San Diego) using the [llumina HumanCytoSNP-12
platform. Of 1160 genotyped women, 6 were excluded on the basis of non-European
ethnicity, and the twin with the lower call rate was excluded for each of the 9 pairs of
monozygotic twins. Rs10995190 was not included on the platform, so the result used in
the replication came from data imputed using MACH (HapMap Phase II, release 21,
CEU) and analyzed using the Probabel ** software (r*=0.99). The analysis was adjusted
for age at mammographic examination, BMI, waist hip ratio, HRT use (never, former and
current users), age at menopause and menarche. Given the family-based study design, we
used the matrix of kinship coefficients between all pairs of individuals (as estimated
using 8,236 uncorrelated SNPs) to take into account the non-independence of relatives
(the mmscore option in Probabel).

Genotyping, quality control and imputation

The five studies used various genotyping platforms and quality control assessments
(Supplementary Table 3). All studies used IBS or IBD measurements to identify and
exclude individuals with unexpected relatedness. Since the SASBAC genotyped their
breast cancer cases and controls on separate platforms, we imputed and analyzed them
separately. This was because SNPs that are imputed accurately from one chip, but poorly
from another chip may cause differences in the allele frequency that just reflect allele
frequency differences between the haplotype reference panel and the study population **.
Each study performed imputation to obtain a total of approximately 2.5 million
autosomal genotypes using HapMap Phase II CEU samples as reference. To reassure
high-quality data for all studies, we excluded all SNPs with a minor allele frequency
below 0.01 or an imputation quality score below 0.8 (as defined by the RSQR_HAT
value in MACH, the PROPER_INFO in IMPUTE and the information content (INFO)
measure in PLINK).

GWAS analysis
Primary association analysis was performed separately for each study. All studies except
TORONTO/MELBOURNE used linear regression assuming an additive inheritance
model. TORONTO/MELBOURNE selected women in the top and bottom 10% of
percent mammographic density adjusted for age, BMI and menopausal status and treated
women with high density as “cases” and women with low density as “controls” in a
logistic regression model.

For imputed SNPs, the estimated number of effect alleles (ranging from 0 to 2)
was used as a covariate. To account for the family structure in MBCEFS, we used the



“multic” package as implemented in R. Multic uses a linear mixed effects model,
whereby the genetic relatedness among individuals is incorporated into the covariance
structure of the random effects **°. The relationships between subjects within the SIBS
study were adjusted for using the mmscore option within ProbABEL, based on the
estimated genomic kinship matrix 2. The fixed effect was used for the tests of
association and covariate adjustment. The TORONTO/MELBOURNE group used
logistic regression where women in the 10% top percentile of percent mammographic
density adjusted for age and BMI were treated as “cases” and women in the bottom 10%
percentile were treated as “controls”. All cross-sectional studies used square-root
transformed percent mammographic density as an outcome with the exception of EPIC-
Norfolk, where log-transformation was the most appropriate choice. All studies adjusted
their analysis for age, BMI and population stratification if necessary. Those studies that
had a non-negligible proportion of pre-menopausal women adjusted for menopausal
status. Some studies adjusted for additional factors as well, as described in
Supplementary Table 3. Population stratification was accounted for by using principal
component analysis as described in Price et al ”. We estimated study-specific inflation
factors by calculating the slope from a linear regression between the observed p-values
and the expected distribution of p-values under the null hypothesis. For this, we used the
“estlambda” function as implemented in the “GenAbel” package for the statistical
software R. Study-specific genomic inflation factors ranged between 1.00 - 1.05 for
genotyped SNPs and 1.00 - 1.04 for imputed SNPs.

Meta-analysis

Meta-analysis was based on summary statistics from the five different studies including a
total of 4,887 Caucasian women. For each SNP, we combined study-specific p-values
and direction of association using the METAL software **. Weights were proportional to
study-specific genomic inflation factors and sample size. To account for the extreme
sampling scheme in the TORONTO/MELBOURNE study, we up-weighted this study
with a scale factor of 3.51. The scale factor was determined in two ways. We first derived
the scale factor theoretically, as 2f(K))/(1-phi(K)), where alpha=(1-phi(K)), is the
proportion of the population in each extreme, corresponding to a normal deviate of K,
and f is the corresponding normal density. As the TORONTO/MELBOURNE study
included women sampled in the top and bottom 10% of their mammographic density
distribution, the parameters from the TORONTO/MELBOURNE study were multiplied
by a factor of 3.51. We confirmed the scale factor with power calculations by comparing
the logistic regression of the extremes with a linear regression on a quantitative trait from
the underlying population and calculated the sample size needed to achieve 80% power to
detect association for various beta estimates. For a SNP to be considered in the meta-
analysis, we required genotyping data from at least 3,000 women. We used Cochran’s Q
statistic to test for heterogeneity across studies.

Association with breast cancer

We tested for association between rs10995190 and breast cancer risk using those studies
that were based on case-control data (NHS, SASBAC and MCBCS). We assumed an
additive inheritance model. All analyses were adjusted for age and BMI. We applied two
different models in the logistic regression: one without adjustment for percent



mammographic density and one with adjustment for percent mammographic density
included as a continuous covariate.
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